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When considering sonic boom phenomena, the effects produced due to the presence of the real atmosphere are an unavoidable 
issue. The typical sonic boom is produced by the shock waves generated from a supersonic transport vehicle cruising at more 
than the speed of sound. The shock waves pass through the real atmosphere and reach ground level, producing a large noise. 
Development of a supersonic transport vehicle with a low sonic boom level is necessary for reducing this noise but this is not 
easy to achieve. Sonic boom signatures are affected by turbulence inside the atmospheric boundary layer. These atmospheric 
conditions cannot be controlled, and thus they must be considered when attempting to develop a robust, low sonic boom 
supersonic transport vehicle. The atmospheric effects have to be well understood because these conditions are extremely 
important for accurately estimating the sonic boom magnitude. 
Shock-turbulence interaction behavior must be understood for sonic boom estimation. However, they are not yet fully 
understood because turbulence is by nature complicated; unsteady vortices, the various length scales, and the energy dissipated 
in a turbulence field are some of the parameters that add to its complexity. When considering the real flight, the sonic boom 
magnitude varies due to the flight Mach number, flight altitude, and the weight of the vehicle. The effect of the shock wave 
strength must be investigated for a full understanding of shock-turbulence interaction phenomena. On the other hand, Even 
though the effects of turbulence on a normal N-shaped sonic boom have been investigated, the turbulence effect on low sonic 
boom signatures might be incomprehensible because they possess a special pressure signature such as a flat-top overpressure 
or a long rise time. The low sonic boom pressure signature does not maintain necessarily due to turbulence effects. 
Modification of a pressure waveform is useful for realization of the sonic boom reduction. The pressure signature possessing 
the long rise time and the low overpressure leads to the sonic boom reduction. To keep the low sonic boom pressure signature 
even if turbulence affects it, its characteristics by turbulence effect has to be investigated. 
Although the sonic boom must be reduced for comfortable environment, improving the engines efficiency is a key element 
for low fuel consumption. A shock-turbulence interactions behavior within a combustion chamber must be considered for low 
fuel consumption although its effects are also significant issue in shock wave propagation phenomenon. Shock waves are 
basically generated in a combustion chamber kept in supersonic flow and induce shock wave interactions such as 
shock-boundary, shock-jet and shock-turbulence interactions. The shock waves impinge on turbulent flow induced from a fuel 
injection, and the flow field is complicated within the combustion chamber. To achieve low fuel consumption, optimum 
injection system must be mounted. It is important to understand flow physics in the various injectors because all injectors may 
have potential for high performance. 
Supersonic combustion ramjet (scramjet) engines require an optimized injection system that produces higher performance 
due to enhanced fuel-air mixing and improved flame stabilization. Additionally, a low profile drag is a key component that will 
increase the net power. Designing the optimum injection system having all of these capabilities is challenging. Because a 
scramjet engine is mounted on hypersonic vehicles working at Mach numbers ranging from 4 to 8, the residence time of the 
supersonic freestream within the combustion chamber of a scramjet is extremely short, typically on the order of milliseconds. It 
is not easy to design the optimum injector because of the high-speed flow and short residence time. An optimum injector 
design is necessary to realize scramjet engines for hypersonic vehicles. To improve injector systems, enhancement of fuel-air 
mixing and flame stabilization are required, low profile drag is also important for low-fuel consumption. Additionally, 
enhancement of fuel-air mixing leads to more efficient combustion. Flush-mounted multiple injectors can enhance fuel-air 
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mixing and possesses low profile drag because of simplified geometry. A combustion chamber with a cavity has the ability of a 
flame holder. Although an injector with a cavity leads to higher mixing characteristic and flame stabilization, these features 
depend on the injector position. The incorporation of cavities within supersonic combustion chambers is an effective means of 
slowing down the flow for fuel injection and consequent stable combustion. Understanding the flow physics associated with 
such flows, especially with the injection of a gas to replicate fuel injection, are essential for the optimum design of supersonic 
propulsion mechanisms. 
Shock-turbulence interaction behaviors must be investigated for realization of rapid transportation systems and their 
comprehension can resolve environmental issues: the sonic boom and high fuel consumption. This experimental study consists 
of two main topics: shock-turbulence interaction behavior for sonic boom and injected jet interaction behavior in supersonic 
crossflow for scramjet engines. The study aims to understand basic flow characteristics and shock interaction behavior around 
the injected jet at different injection locations. In addition, an effect of turbulence on a long rise time pressure signature and an 
effect of shock wave strength were experimentally investigated to clear their behaviors. Chapter 1 is the introduction describes 
the background and motivation of the present study. In Chapter 2 and 3, the effects of turbulence on the pressure signatures 
were clarified (section for sonic boom). In Chapter 4 and 5, basic flow characteristics around an injected jet at different 
injection locations were investigated (section for scramjet engines). In Chapter 6, the conclusions of the resent study are given. 
In Chapter 2, an experimental investigation of shock-turbulence interaction over a range of impinging overpressure 
magnitudes was conducted. A shock wave was generated by focusing a pulsed Nd:YAG laser beam, and its overpressure 
magnitude was varied by adjusting the energy of laser emission. To investigate the effect of shock wave strength for behavior 
of shock-turbulence interaction, weak shock waves with a range of overpressure magnitudes impinged on turbulence generated 
by a jet of air passing through a rectangular slit with a mesh, with the turbulence characteristics held to be constant. The 
pressure waveform passed through the turbulent field and was measured 600 mm from the laser focusing point using a 
flush-mounted pressure transducer with high bandwidth. It was found that the turbulence effects are altered depending on the 
magnitude of the impinging overpressure. The mean overpressure is strongly attenuated when a shock wave with a higher 
overpressure magnitude impinges on the turbulence. The subtracted overpressure, which is the difference between the mean 
overpressure with and without shock-turbulence interaction, increased when the impinging overpressure magnitude increases. 
In addition, the behavior of the turbulence effects is unstable when a shock wave with a higher overpressure magnitude 
propagated in the turbulent field; specifically, the standard deviation of the overpressure grows with increasing overpressure 
magnitude. However, its reduced rate was nearly constant independent of the impinging shock wave magnitude. The energy 
with the pressure waveform was transferred to the turbulent field and depends on the overpressure magnitude of the impinging 
shock wave. Although its attenuation magnitude was increased when the higher impinging overpressure interacted with the 
turbulence, the transferred energy is not larger than that of lower one. 
In Chapter 3, an effect of turbulence on a long rise time pressure signature produced by launching a conical projectile was 
experimentally investigated in a ballistic range facility. The effect of turbulence on N-shape wave generated from a cylindrical 
projectile was investigated to evaluate the shock deformation because of strong density change around the cylindrical projectile 
resulting in clear visualization. The shock wave interacted with a turbulent field generated by a circular jet nozzle 4.5 mm in 
inner diameter. High-speed schlieren photography and point-diffraction interferometer (PDI) were used to visualize the density 
field. The pressure waveform was measured using a pressure transducer. The effect of the turbulence on the normal N-shaped 
pressure waveform was observed as its shock wave front was distorted when the shock wave passed thought the turbulent field. 
In comparison, from the pressure waveform and the PDI images of the same launching shot number, the wide isopycnic line 
was found to correspond to the pressure waveform with slightly round shape. On the other hand, for the long rise time pressure 
signature, the turbulence effect was not critical issue. The pressure waveform with the long and short rise time signatures 
appeared simultaneously in the measured waveforms, and these waveforms are useful to evaluate the effects of the turbulence 
on them. To remove the different overpressure magnitude each shots, using the pressure waveforms simultaneously measured 
at two measurement positions, relative values were calculated. In long rise time signature, the relative overpressure was almost 
uniform although the relative overpressure of the short rise time became wide dispersion. In addition, the relative rise time and 
relative sound intensity were not affected by turbulence. The long rise time pressure signature is produced by an isentropic 
compression wave. The isentropic compression wave is not affected by turbulence, although the turbulence effect on a shock 
wave possessing the short rise time was apparent. 
In Chapter 4, an experimental investigation was performed on a rectangular open cavity with upstream injection model in a 
Mach number of 1.9 using a trisonic indraft wind tunnel. A rectangular open cavity of dimensions L/D = 5, 100 mm in length 
(L) and 20 mm deep (D), was adopted, and it was embedded into the lower wall of the test section. An air jet with a jet-to-free 
stream momentum flux ratio of J = 1.2, 2.7 and 5.3 was injected upstream of the cavity. To evaluate the effect on mixing and 
flow stability the jet position, measured from the front edge of the cavity, was varied between 0.1L to 1L. The flow field was 
visualized using schlieren photography, particle image velocimetry, and oil flow measurements. It was found that the mixing 
? 290 ?
characteristic within the cavity when the jet is positioned 0.1L was enhanced independent on the J value because the flow 
velocity within the cavity was strongly influenced by the jet interaction which lifted the flow from the floor of the cavity 
compared to the other jet positions. The mixing enhancement is induced by an intensity of turbulence over the cavity. In 
addition, the vertical flow structures within the cavity are slight changed due to the jet position. A vortex pair occurred near the 
fore wall of the cavity on the cavity centerline symmetrically, and it might enhance the mixing near the fore wall of the cavity. 
This is because the vortices apart occurred and appeared near the cavity centerline compared to the other cases. A conceivable 
principal reason is a three-dimensional bow shock wave effect. The bow shock wave generated in front of the jet propagates to 
the front edge of the cavity and might affect the vortex pair. The bow shock wave strongly impinged into the cavity since the jet 
hole is positioned near the front edge. Although the jet position affects the mixing characteristics, the flow over the cavity was 
unstable at all jet positions. 
In Chapter 5, an experimental investigation was performed to understand the mixing and flow stability characteristics inside 
a rectangular open cavity with upstream dual injectors at a freestream Mach number of 1.9. The multiple injectors possess 
higher performance for combustion however, the flow physics around them with a cavity has not fully understood because of 
the complicated flow field. To simplify the study, a dual injector with a rectangular open cavity was adopted. The effect of the 
dual jets distance on the flow physics was investigated using the high-speed schlieren photography, PIV, and surface oil flow 
techniques. Distances between the dual jets of 18 and 54 mm were examined. Unstable flow occurred over the cavity in all 
cases, and it was not improved even by varying the dual jets distance. Although the distance between the jets did not influence 
the flow stability, the flow field varied distinctly depending on the distance between the dual jets. The air mixing enhancement 
depended on the distance between the dual jets. When the jets were further apart, the mainstream between two counter-rotating 
vortex pairs behind the jets flowed strongly into the cavity because of the increased blow-down occurring between the vortex 
pairs. Additionally, a counterflow at low velocity magnitude occurred behind the jets. A three-dimensional bow shock wave 
generated in front of jets is propagated to the front edge of the cavity and induces expansion waves at the front edge. Because 
of the expansion waves with low pressure magnitude, the mainstream is supplied into their area. Hence, mixing was enhanced 
within the cavity by the effects of opposing flow. When the jets were placed close to each other, the counter-rotating vortex 
pairs were in contact; as a result, the blow-down effect did not occur between them. The flow drawn into the cavity from the 
mainstream was supplied from the sides of the test section into the cavity. In other words, because a distinct flow pattern 
appeared within the cavity in these cases, the mixing characteristics varied. It was found that the long dual jets distance is better 
than short one for the mixing characteristic within the cavity. 
Understanding of the shock-turbulence interaction behavior is key element to resolve the environmental issues such as sonic 
boom and low fuel consumption. In this experimental investigation, an effect of turbulence on the sonic boom signatures is 
discussed. Expansion and compression waves without rapid increasing pressure are not strongly affected by turbulence 
impingement, thus we do not have to consider the effect of turbulence on a low sonic boom with long rise pressure signature. 
In injector design for scramjet engines, the effectiveness of jet location for the mixing characteristics was shown in this 
experimental study. The effects of the bow shock wave and blow-down lead to the mixing enhancement within the cavity. 
These effects can be obtained by arranging the jet position optimally for development of a scramjet engine. The experimental 
results showed possibility for rapid transportation systems with environmental compatibility and low fuel consumption owing 
to comprehension of shock-turbulence interaction behaviors. 
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